Low-energy dissociative electron attachment to BrCN and CBrCl 3 over the temperature range 300-450 K is examined by measuring the velocity and angular distributions of negative ions produced through electron transfer in collisions with velocity-selected K(np) Rydberg atoms. The data are analyzed using a Monte Carlo collision code that models the detailed reaction dynamics. Measurements with BrCN indicate that electron capture leads to the creation of excited BrCN Ϫ * intermediates that dissociate with a mean lifetime ϳ20 ps to form CN Ϫ ions, the majority of the excess energy of reaction appearing in translation. No significant Br Ϫ production was observed over the present temperature range. Electron transfer to CBrCl 3 is found to lead to the formation of both Cl Ϫ and Br Ϫ ions, the branching ratio depending markedly on temperature. At room temperature, Br Ϫ production is dominant, at elevated temperatures Cl Ϫ production dominates. The data show that Cl Ϫ formation is associated with two reaction channels: in the first the electron is captured directly into an antibonding orbital followed by immediate dissociation, in the second a longer-lived CBrCl 3 Ϫ * intermediate is formed with a lifetime տ a few vibrational periods. The contribution from direct dissociation increases dramatically at the higher temperatures. Similar reaction channels are operative in the formation of Br Ϫ ions, but their relative strengths are not strongly temperature dependent. Possible reaction scenarios are discussed.
INTRODUCTION
Recent experiments in this laboratory have shown that atoms in which one electron is excited to a state of large principal quantum number n provide a valuable tool with which to study dissociative electron attachment. 1, 2 In particular, measurements of electron transfer in collisions between high-n Rydberg atoms and attaching targets through reactions of the type
can provide information on the lifetime of the XY Ϫ * intermediate and on the distribution of the excess energy of reaction between internal and translational motions of the fragments. For values of nտ10, the average separation between the Rydberg core ion and excited electron is sufficient that, in collisions with neutral targets, they can be considered as independent particles. 3 Negative ion production can then be viewed as resulting from electron capture in a binary interaction between the excited electron and target molecule. For high n, nտ30, the product K ϩ and Y Ϫ ions are, on average, formed at sufficiently large separations that their mutual post-attachment electrostatic interactions are negligible. Measurement of the velocity distribution of the product Y Ϫ ions then gives directly the translational energy release that accompanies dissociation. At low-to-intermediate n, 10Շn Շ20, the size of the electron cloud is such that the product ions are formed in relatively close proximity. Their postattachment electrostatic interactions therefore become important, especially at thermal collision energies. These interactions modify the ion trajectories and final velocities, and can even prevent the ion pairs from separating, i.e., they remain electrostatically bound. These modifications to the ion trajectories depend on the masses and velocities of the ions, which, in turn, depend on the lifetime of the intermediate and the energetics of its dissociation. Thus, measurements of the angular ͑and velocity͒ distributions of the product ions provide information both on the lifetime ͑on a ps time scale͒ of the intermediate and on the energetics of its decay. Here we describe temperature-dependent studies of dissociative attachment to BrCN and CBrCl 3 , both of which have sizable rate constants for thermal electron capture. The data reveal a number of different attachment behaviors and, for CBrCl 3 , a marked temperature dependence in the reaction products is observed.
EXPERIMENTAL METHOD
The present apparatus is shown in Fig. 1 and is similar to that described in detail elsewhere. 1, 2 Briefly, potassium atoms in a collimated beam are excited to a selected np state by the focused output of an intracavity-doubled Coherent CR699-21 Rh6G dye laser. The laser beam is incident at an angle ⌰ϳ2°off-normal to the potassium beam to allow velocity-selective excitation. The majority of the data reported here were recorded with a Rydberg atom velocity of 6ϫ10 4 duration pulses with a pulse repetition frequency of ϳ5 kHz using an A-O modulator. Excitation occurs in zero electric field and in the presence of target gas ͑density Շ10 11 cm Ϫ3 ͒ near the center of an interaction region defined by two copper plates that each contain a small fine-mesh grid at their center. The plates can be heated to ϳ175°C using embedded cartridge heaters. The target gas is admitted directly to the interaction region through a series of holes drilled in a small tube that runs around the periphery of the interaction region and that is brazed to the upper copper plate, as shown in Fig.  1 . Following excitation, collisions are allowed to occur for a predetermined time, ϳ0.5 s, after which a small pulsed electric field is applied across the interaction region to expel any product ions into two time-of-flight mass spectrometers ͑TOFMSs͒ located above and below the interaction region. Upon exiting the TOFMSs the ions are detected by position sensitive detectors ͑PSDs͒ that record their arrival times and positions. Reaction products are identified by TOF techniques. Coincidence techniques are used to ensure that the ions detected result from the reaction of interest. Ion flight times through the TOFMSs are ϳ10 s, sufficient to resolve the 79, 81 Br and 35, 37 Cl isotopes. Ion arrival times at the PSDs are measured with high resolution ͑Ϯ10 ns͒. Because the exact flight time of an ion depends on its initial vertical or z component of velocity, v z , arrival time gating can be used to identify those product ion pairs initially formed with small values of v z , рϮ7.5 ϫ10 3 cm s Ϫ1 , i.e., formed traveling essentially in the horizontal xy plane. Arrival position distributions for such ions are built up by accumulating data following many laser pulses. Because the ions are initially created in a localized volume, these distributions reflect the product of the ion flight times and their initial x and y components of velocity.
The arrival position distributions are analyzed using a Monte Carlo collision code 4 that models the detailed kinematics of electron transfer, i.e., reaction 1. This is based on the independent particle picture and attachment is viewed as resulting from a binary interaction between the excited electron and target molecule. The initial velocities of the Rydberg atom and target molecule are chosen at random from the appropriate distribution of these parameters. The probability of electron capture at some point is assumed to be proportional to the local electron probability density. ͓The cyano radical is a well-known pseudo halogen with a remarkably high electron affinity, 3.862͑4͒ eV, 6 that exceeds that of the halogens themselves.͔ Reaction ͑2a͒ is exothermic and is observed with thermal-energy electrons. Reaction ͑2b͒ is endothermic by ϳ0.33 eV. Nonetheless, a small Br Ϫ signal has been reported following collisions with thermal electrons and was attributed to capture by rotationally and vibrationally excited molecules. 7 Recent work has shown that the Br Ϫ /CN Ϫ branching ratio is temperature sensitive, increasing by more than an order of magnitude as the temperature is raised from 300 to 800 K. 5 The measured radial arrival position distribution of CN Ϫ ions produced via the dissociative electron transfer reaction,
is presented in Fig. 2 , which shows the number n(r) of ions detected in a small radial interval about each value of r. The error bars in this ͑and later͒ figures indicate the statistical uncertainties and do not include the small systematic error associated with determining the point on the PSD that is immediately below the interaction volume and that is taken as the center of the distribution. No measurable Br Ϫ signal was detected over the presently accessible temperature range of 300-450 K, nor were any other significant temperaturedependent effects evident.
If, when dissociation occurs, the majority of the excess energy of reaction E appears in translation, this will result in a narrow translational energy release distribution centered near the available excess energy. Figure 2 includes the results of model simulations that assume narrow, 0.05 eV full width at half-maximum ͑FWHM͒, Gaussian translational energy release distributions centered on several different mean energies ⑀ G that range from 0.075 to 0.15 eV. The calculated distributions are sensitive to the assumed value of ⑀ G and the data are well fit by a Gaussian distribution with ⑀ G ϳ0.1 eV. The excess energy of reaction E is given by EA͑CN͒ ϪD 0 (BrϪCN)ϩE int ϩE K (e Ϫ ), where EA͑CN͒ is the electron affinity of the CN radical, D 0 ͑BrϪCN͒ is the BrϪCN bond dissociation energy, E int is the usable internal energy in the parent molecule, ϳ0.02 eV, and E K (e Ϫ ) is the median energy of the attached electron, which is negligible at n ϭ55. The bond dissociation energy D 0 (BrϪCN) has been determined using a number of different approaches. Analysis of thermochemical data yields the value 3.69Ϯ0.05 eV, 5 which is similar to that deduced from photoionization measurements, 3.68Ϯ0.02 eV. 8 However, a significantly higher value, 3.77Ϯ0.05 eV, was derived from studies of photodissociation. 9 Taking the weighted average of these results yields D 0 (BrϪCN)ϭ3.70 eV. Use of this value leads to an excess energy of reaction E ϳ0.18 eV. ͑Note that in deriving this value it is assumed that the rotational energies associated with the parent molecule and CN Ϫ fragment are equal.͒ This is somewhat larger than the value ⑀ G ϳ0.1 eV that provides the best fit to the measured radial distribution. This difference might simply reflect the uncertainties in the exact value of D 0 (BrϪCN). Alternately, the data could indicate that a small fraction of the available excess energy does not appear in translation. The energy deficit, however, is small, ϳ0.08 eV, and much less than the calculated vibrational level spacings in CN Ϫ , ⌬G 1/2 ϳ0.25 eV. ϩ /CN Ϫ ion pairs; ͑c͒ and ͑d͒ model predictions for ions liberated from bound K ϩ /CN Ϫ ions pairs through, respectively, the conversion of 5 and 10 meV of rotational energy into translation. The anticipated displacement of the centroid of these distributions due to center of mass motion is indicated by the crosses ͑see the text͒. The gray scale indicates the count rate at different points on the PSD and corresponds to 2%-35%, 35%-65%, and 65%-100% of the peak count rate. and post-attachment electrostatic interactions are important. The pronounced asymmetry in the predicted angular distribution results because the velocity of the product CN Ϫ ions is comparable to that of the K ϩ core ions. Thus, if the K ϩ and CN Ϫ ions are initially formed traveling in the same general direction, their kinetic energy of relative motion will be small and a sizable fraction of the ion pairs will be bound and not be detected. If, however, the ions initially travel in opposite directions their relative kinetic energy will be much greater, permitting a larger fraction to escape. 11 Thus, capture will involve vibrational excitation of the intermediate. It has sufficient energy to dissociate but the energy has to be localized in the BrϪCN Ϫ reaction coordinate for dissociation to proceed, which will take time.
One possibility that must be considered in analyzing the data in Fig. 3͑a͒ is that some of the observed CN Ϫ ions result not from the creation of K ϩ /CN Ϫ ion pairs that are initially unbound but rather from the formation of bound K ϩ /CN Ϫ ion pairs that subsequently separate as a result of the conversion of rotational energy from the CN Ϫ ion into translation. ͑No similar mechanism exists for targets such as CBrCl 3 which dissociate to form atomic negative ions. Bound product ion pairs can only separate as neutral species.͒ The fraction of the K ϩ /CN Ϫ ion pairs formed in ͑room temperature͒ K(np)/BrCN collisions that is electrostatically bound is shown in Fig. 5͑a͒ as a function of n. At high n, postattachment electrostatic interactions are negligible and essentially all product ion pairs are able to separate. In contrast, at nϳ15 over three quarters of the product K ϩ /CN Ϫ ion pairs are bound. The corresponding distribution of binding energies is shown in Fig. 5͑b͒ . ͑The results in Fig. 5 were calculated, assuming a Gaussian distribution with ⑀ G ϭ0.1 eV.͒ Since the distance of closest approach of bound ion pairs is typically quite large, տ100 Å, it is reasonable to assume that if rotational to translational energy transfer occurs it must be associated with dipole-allowed J→JϪ1 rotational transitions. The rotational constant B for CN Ϫ is ϳ0.26 meV. 10 Rotational states with values of Jտ20 are unlikely to be populated in the initial K(15p)/BrCN interaction because of their large energies, E J ϭBJ(Jϩ1)Ӎ0.1 eV. Thus, the maximum energy conversion, 2 BJ, that can be expected through a single dipole-allowed transition is ϳ10 meV. The calculated arrival position distributions for CN Ϫ ions liberated by conversion of 5 and 10 meV of rotational energy into translation are included in Fig. 3 . It is assumed that energy conversion is rapid and occurs 50 ps after the initial formation of a bound K ϩ /CN Ϫ ion pair. The calculated distributions, however, are not sensitive to the choice of this delay. The centroid of the predicted distributions is not centered below the initial interaction volume but rather is displaced by an amount that reflects the center-of-mass motion of the bound ion pairs, indicated by the crosses superimposed on the data. As illustrated in Fig. 6 , the calculated angular distributions of the product CN Ϫ ions relative to this point are reasonably isotropic. Further, the radial distributions are quite compact, consistent with the assumed relatively small energy conversion. Figure 6 also includes the experimental data analyzed using the same offset center. The poor fit between model and experiment suggests that, if rotational to translational energy transfer occurs in bound K ϩ /CN Ϫ ion pairs, it can only account for a small fraction of the observe CN Ϫ ions. Again, an excellent fit to the experimental data is obtained by assuming that only initially-unbound K ϩ /CN Ϫ ion pairs contribute to the measured CN Ϫ signal.
CBrCl 3
Electron transfer in room-temperature K(np)/CBrCl 3 collisions has been investigated previously in this laboratory 
͑4b͒ Here we focus on the temperature dependence of these reactions. At room temperature Br Ϫ production is dominant. However, Cl Ϫ production increases dramatically as the target temperature is raised. This is illustrated in Fig. 7 , which shows, for a constant target gas input flow rate, the temperature dependence of the Cl Ϫ and Br Ϫ signals produced in K(45p)/CBrCl 3 collisions, together with their ratio. ͑In deriving this ratio it is assumed that both species are detected with equal efficiency by the PSD.͒ A large increase in Cl Ϫ production at elevated target temperatures has been noted in earlier free-electron studies. 12, 13 This was attributed to the presence of a small barrier ͑activation energy͒ of ϳ55 meV to Cl Ϫ formation. Figure 8 shows the radial distribution of 35 Cl Ϫ ions produced in K(45p)/CBrCl 3 collisions for target temperatures T of ϳ300 K and ϳ450 K. ͓These, and all further radial ͑and angular͒ distributions, are centered on a point immediately below the interaction volume.͔ The large increase in Cl Ϫ production at elevated target temperatures is accompanied by a marked change in the form of the radial distribution. To emphasize this, the two distributions in Fig. 8 are normalized to the same peak height. As the target temperature is raised, a pronounced shoulder appears at large r in the distribution that cannot be accounted for simply in terms of the increased thermal velocity of the target molecules. This shoulder corresponds to the formation of Cl Ϫ ions that have sizable kinetic energies. This suggests that, for these ions, the majority 
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Ϫ ions produced in K(45p)/CBrCl 3 collisions for target temperatures T of ͑a͒ ϳ300 K and ͑b͒ ϳ450 K. The distributions are normalized to the same peak height. The lines indicate fits to the data. In ͑a͒ it is assumed that, of those collisions that led to Cl Ϫ production, 80% are associated with the formation of a longer-lived intermediate characterized by a two-dimensional Boltzmann distribution with ⑀ B ϭ0.06 eV ͑-͒ or rectangular distribution with ⑀ R ϭ0.6 eV ͑---͒, and 20% are associated with direct dissociation characterized by a Gaussian distribution with ⑀ G ϭ0.3 eV. In ͑b͒ the relative contributions from these channels are assumed to be 35% and 65%, respectively. ͑c͒ Radial distributions calculated for a two-dimensional Boltzmann distribution with ⑀ B ϭ0.06 eV, a rectangular distribution with ⑀ R ϭ0.06 eV, and a 0.15 eV FWHM Gaussian distribution with ⑀ G ϭ0.3 eV. The distributions are normalized to equal peak heights.
of the excess energy of the reaction must appear in the translation, pointing to the formation of a very-short-lived CBrCl 3 Ϫ * intermediate that dissociates before redistribution of the excess energy of reaction to internal motions can occur, i.e., that has a lifetime Շ a vibrational period. In contrast to BrCN, where the large vibrational spacing in the CN Ϫ fragment requires that it be formed in its ground vibrational state, the CBrCl 2 fragment has a large number of vibrational modes that have relatively small energy spacings, ϳ20-80 meV, and that are thus energetically accessible. As indicated in Fig. 8 , the radial distribution at large r can be reasonably well fit by a Gaussian translational energy release distribution of 0.15 eV FWHM centered on a mean energy ⑀ G ϳ0.3 eV. ͑The width selected is comparable to the total internal vibrational energy in the target molecule at Tϳ450 K, ϳ0.17 eV. The corresponding value at room temperature is ϳ0.08 eV.͒ If this value of ⑀ G is taken as the excess energy of reaction E, given by EA͑Cl
, where EA͑Cl Ϫ ͒ is the electron affinity of Cl, 3.612 69͑6͒ eV, 14 and the usable internal energy E int is ϳ0.05 eV, this gives an upper limit on the bond dissociation energy D 0 (CBrCl 2 ϪCl) of ϳ3.4 eV. This is somewhat smaller than the value 3.6 eV calculated based on the local-spin-density approximation of the density functional theory. 1 However, we have observed previously that density functional calculations tend to systematically overestimate dissociation energies.
The Cl Ϫ signal at small r corresponds to the formation of ions with relatively small kinetic energy, which requires the creation of CBrCl 3 Ϫ * intermediates whose lifetimes are sufficient to allow the conversion of some of the excess energy of the reaction into internal motions prior to dissociation. In the limit that the lifetime is long enough to allow full statistical redistribution of this excess energy among internal motions, unimolecular decay theory predicts a so-called twodimensional Boltzmann translation energy release distribution of the form exp(Ϫ⑀/⑀ B ), where ⑀ B is the mean translational energy release. 15 As illustrated in Fig. 8 , model calculations using a two-dimensional Boltzmann distribution with ⑀ B ϳ0.06 eV display a pronounced peak in the radial distribution at small r that is similar to that observed experimentally. However, the presence of a signal at small r does not require that the lifetime of the intermediate be sufficient to allow full statistical redistribution of the excess energy among internal motions. For example, a peak at small r is also obtained using a rectangular translational energy release distribution in which the probability for the release of translational energy ⑀ is maintained constant up to some cut-off energy ⑀ C . Although there is no real physical basis on which to expect such a distribution, it does represent some reasonable ''intermediate'' state in the evolution of a narrow highenergy Gaussian distribution toward an exponentially decaying two-dimensional Boltzmann distribution, and might correspond to an intermediate lifetime of a few vibrational periods. The radial distribution predicted assuming a rectangular distribution with mean energy ⑀ R ϭ⑀ C /2ϭ0.06 eV is included in Fig. 8 and is similar to that for a Boltzmann distribution with ⑀ B ϭ0.06 eV. Reasonable overall fits to the (Tϳ450 K͒ experimental data can be obtained by assuming that, of those capture events that lead to Cl Ϫ production, ϳ65% are associated with the formation of a very-shortlived intermediate, i.e., direct dissociation, ϳ35% are associated with formation of a longer-lived intermediate. The same mix of reaction channels also provides a reasonable fit to the radial distribution observed in K(14p)/CBrCl 3 collisions at Tϳ450 K.
The production of energetic Cl Ϫ ions is greatly reduced in room-temperature collisions. Indeed, analysis of the data suggests that only ϳ20% of reactions are associated with direct dissociation. Although more complex translational energy release distributions that provide better fits to the data might be obtained by iteration, the simple two-component distributions assumed here reveal the essential characteristics of the attachment process.
As demonstrated in Fig. 9 , which shows the angular distribution of Cl Ϫ ions formed in K(14p)/CBrCl 3 collisions at Tϳ450 K, the same mix of reaction channels used in analyzing the radial distributions also provides a good fit to the angular data. However, because direct dissociation dominates, the predicted angular distributions are not very sensitive to the assumed lifetime of the longer-lived intermediate and this could not be accurately determined.
The present data suggest a reaction scenario in which some of the Cl Ϫ signal is associated with direct dissociation following capture into an antibonding orbital at a Cl site. ͑Earlier calculations suggest that a sizable fraction of the excess charge on the intermediate is located on the Cl atoms and is antibonding with respect to the C-Cl bond. 1, 16 ͒ The excess energy of reaction, however, is relatively small and the presence of a potential barrier will reduce the probability for direct dissociation. The effect of this barrier will be reduced as the internal energy in the target is increased, which would account for the dramatic increase in direct dissociation observed at elevated target temperatures. If, following capture at a Cl site, the Cl Ϫ ion does not escape immediately, the electron will be transiently bound, allowing energy redistribution within the intermediate prior to dissociation. Furthermore, dissociation might occur through breaking of the CϪBr bond and formation of a Br Ϫ ion. The decrease in overall Br Ϫ production observed at elevated target tempera- The radial distribution of Br Ϫ ions formed in K(14p)/CBrCl 3 collisions at ϳ300 and ϳ450 K is shown in Fig. 10 . ͑To reduce statistical uncertainties the 79 Br Ϫ and 81 Br Ϫ signals are summed.͒ The total Br Ϫ signal is reduced at the higher temperature and the distributions are normalized to equal areas to facilitate their comparison. As noted elsewhere, 1 the signal at large r is indicative of a very-shortlived intermediate, and the Tϳ450 K data can be well fit using a Gaussian distribution of ϳ0.15 eV FWHM centered on ⑀ G ϳ0.7 eV, which sets an upper limit of ϳ2.7 eV on the bond dissociation energy D 0 (CCl 3 ϪBr). The signal at small r points to a longer lived-intermediate and to energy transfer to internal motions. Model calculations using a rectangular distribution with ⑀ R ϳ0.15 eV and a two-dimensional Boltzmann distribution with ⑀ B ϳ0.15 eV both provide reasonable fits to the data at small r. Good overall fits are obtained by assuming that, of those reactions that lead to Br Ϫ formation, ϳ50% lead to the formation of a very-short-lived intermediate and direct dissociation, ϳ50% to the formation of a longer-lived intermediate. Although inspection of the data suggests that the relative contribution from direct dissociation might be somewhat reduced at room temperature, no strong temperature dependence in the relative strengths of the two reaction channels is evident. This is not unexpected because the excess energy of the reaction is large and there is no evidence of a barrier to direct dissociation. Measurements of the angular distribution of the Br Ϫ ions show that the lifetime of the longer-lived intermediate must be small, Շ5 ps. 1 The present work further illustrates the capabilities of Rydberg atoms as a microscale laboratory in which to examine the details of dissociative attachment reactions. Measurements of Rydberg atom collisions can, through comparison with model calculations, furnish information on the lifetimes of excited intermediates and on the distribution of the excess energy of the reaction between internal and translational motions. As demonstrated here, this can provide new insights into the dynamics of electron capture and the reaction mechanisms operative. 
